Lactobacillus acidophilus is a bile-resistant bacteria which can colonize in the intestines of humans and animals (Gilliland and Speck, 1977; Sandine, 1979; Sandine et al., 1972) acting as a probiotic (Brennan et al., 1983) . Dietary supplementation with live L. acidophilus cells to maintain or improve intestinal health might be favorable, and has been advocated (Gilliland and Speck, 1977; Sandine, 1979; Speck, 1978) since antibiotic intake, digestive disorders, and abnormal and abusive food habits may diminish the multiplication and growth of L. acidophilus and reduce the number of this preventive microflora. On account of the low number of active cells in retailed dried products (Brennan et al., 1983) , efforts are required to enhance the viability of L. acidophilus in commercial products.
Culture dehydration of L. acidophilus was normally performed by freeze-drying which might cause damage to cells owing to the freezing and subsequent drying treatment (Bozoglu and Gurakan, 1989; Champagne et al., 1991; Marth, 1973) . The culture might be mixed with some protectants in order to improve survival during the drying process (Potts, 1994) . Controlled low-temperature vacuum dehydration (CLTVD), a newly developed drying method, was used to dehydrate the strain in order to avert some defects of freeze-drying, and products with quality close to those of freeze-drying could be obtained (King and Lin, 1995; King and Su, 1993) . The application of CLTVD not only reduced the drying time and cost but also avoided freeze-injury to the cells (King and Su, 1993) . The combination of adding CaCO 3 , glycerol, and nonfat dry milk solids (NFDMS) as protectants had also been studied in CLTVD and freeze-drying for the amelioration of survival during the drying of cultures (King and Lin, 1995) .
Accelerated storage testing is a widely used method for the prediction of storage stability and quality, and for the estimation of shelf-life (Franks, 1994; PresaOwens et al., 1995) . The Arrhenius equation is the most common and generally valid assumption for the temperature-dependence of the deterioration rate (Saguy and Karel, 1980) . By means of the Arrhenius relationship, the stabilities of freeze-dried suspensions of L. acidophilus were successfully predicted using the accelerated storage test method (Mitic and Otenhajmer, 1974) . In this research, the accelerated storage test method was further used for predicting the stability of freeze-dried and CLTVD suspensions of L. acidophilus with or without protectants (i.e., the combination of the addition of CaCO 3 , glycerol, and NFDMS) in order to compare the effects of protectant application and different drying methods during storage.
L. acidophilus CCRC 10695 cultures were provided by the Culture Collection and Research Center of the Food Industry Research and Development Institute at Hsinchu, Taiwan, and were maintained on MRS agar (Difco Laboratories, Detroit, MI, USA) and stored at Ϫ20°C (Man et al., 1960) . Cells were cultivated in MRS broth at 37°C using a 1% inoculum. The pH of the medium was adjusted to 6.5 with 1 M HCl before autoclaving. Bacteria were proliferated statically in flasks containing 200 ml MRS broth with 1% inoculum and incubated at 37°C for 12-14 h (Klaenhammer and Kleeman, 1981) . After incubation, the cells were collected by centrifugation at 8,000ϫg for 15 min at 0°C and washed twice with peptone water. In the experiments with protectants, MRS broth was supplemented with CaCO 3 to a concentration of 0.53% for freezedrying and 0.57% for CLTVD according to the optimum results obtained by King and Lin (1995) . The cell pellets were then suspended in 10 ml protective media to make concentrated cell suspensions of about 10 9 -10 10 cells/ml for the experiments. Three different protective media were used for experiments: (1) 10% NFDMS was used as the basal medium for drying without protectants (Bozoglu and Gurakan, 1989; King and Su, 1993) , (2) 4.15% glycerol and 10.08% NFDMS for freeze-drying, and (3) 4.10% glycerol and 10.71% NFDMS for CLTVD with protectants based on the optimum conditions obtained by King and Lin (1995) .
Referring to the method of King and Su (1993) , samples with and without protectants were frozen at Ϫ40°C overnight in an ultra-low temperature freezer before freeze-drying, and freeze-drying was conducted at a system temperature of around Ϫ60°C and at a pressure below 1 mmHg in a freeze-dryer (Eyela Model 540-FDU, Tokyo Rika, Inc., Tokyo, Japan) until a moisture content of approximately 3% w/w was reached. For CLTVD, temperatures passing the zone of maximum ice crystal formation in tested samples were monitored using an automatic time-temperature recorder (Model HR 1300, Yokogawa Electric Corp., Tokyo, Japan). Results were all between Ϫ2 and Ϫ3°C, and were applied as the standard for temperature control in the following drying experiments. During dehydration, the temperatures of concentrated cell suspensions with and without protectants were monitored and controlled between Ϫ2 and 2°C by the combination of shelf heating and vacuum adjustment in the freeze-dryer mentioned above. Drying was conducted until a final moisture content of approximately 3% was reached. All studies were conducted in six replications.
Based on the method of Mitic and Otenhajmer (1974) , a water bath equipped with a turbine agitator and a sensitive thermostatic control was used for thermal degradation. Dehydrated samples were placed in the water bath at 50, 60, and 70°C. At 50°C, samples were removed and enumerated at 3-h intervals from 3-12 h of exposure; at 60°C in 0.5-h intervals from 0.5-2 h of exposure; and at 70°C after 0.05, 0.17, 0.25, and 0.33 h of exposure. After drying or thermal treatment at various temperatures, cells were rehydrated immediately to their original predehydration volumes by adding 0.1% peptone water and cultivated on MRS agar. Dried samples were also placed at 4 and 20°C, and the number of cells that survived was determined every half month for one year. The number of decimal reductions in freeze-dried and CLTVD L. acidophilus with and without protectants exposed to three different temperatures is represented in Table 1 . Thermal death at 70°C was the fastest among the three temperatures used, and CLTVD cultures degraded most seriously in all samples tested. This might be due to the higher ratio of injured cells obtained after drying for CLTVD as compared to freeze-drying on the account of a higher operating temperature and the evaporation-drying mechanism of CLTVD. However, freeze-injury was avoided and drying time shortened (King and Su, 1993) , and the application of protectants seemed to improve survival during storage. The thermal death of freeze-dried and CLTVD suspensions of L. acidophilus could be treated as a first-order reaction (Toledo, 1991) ;
where N 0 is the initial number of organisms, N is the number of organisms after a period (t ), and k is the rate constant expressed in units of log 10 number of organisms per unit of time in hours. The best estimates of rate constant could be determined by the method of least squares. The k values obtained are shown in Table 2 . Those values are significantly different, ranging from 0.003 to 25.127 h Ϫ1 , the former being for the freeze-dried strain with protectants treated at 50°C and the latter for the CLTVD strain at 70°C. The application of protectants was found to decrease the k values, compared to cultures without protectants, during storage except for the freeze-dried cultures stored at 70°C. This indicated that the application of protectants might not be helpful for freeze-dried cultures stored at high temperatures owing to the damage caused to them by environmental factors (Potts, 1994) .
The effect of temperature on the specific reaction rate was represented by the Arrhenius equation (Eisenberg and Crothers, 1979; Saguy and Karel, 1980) ; where k 0 is an experimental constant called frequency factor, T is the absolute temperature, R is the gas constant, and E a is the energy of activation. When the logarithms of determined k values were plotted against the reciprocals of their absolute temperatures, four straight lines for different experimental combinations in this study were obtained (Fig. 1) . From the slopes of those four lines, it was found that the effect of storage temperature was most significant on the freezedried samples with protectants. Extrapolation along these lines allowed one to predict the approximate k values for any selected temperature (Saguy and Karel, 1980) . The predicted k values for 4 and 20°C during storage for dehydrated L. acidophilus from various condition combinations are displayed in Table 3 , and the calculated and experimental thermal deaths at 4 and 20°C for 6 and 12 months are shown in Table 4 . It indicated that when protectants were added, k values were decreased for storage both at 4 and 20°C. With regard to those four combinations, the best effect log log
Storage testing of dehydrated L. acidophilus 163 was achieved by freeze-drying with protectants, followed by CLTVD with protectants, and the worst was CLTVD without protectants. The predicted and experimental reductions during storage presented in Table 4 also show that there was no significant difference between the methods (Cheremisinoff, 1987) . This designated that there was no significant difference between predicted and actual results at the storage temperatures and time intervals tested. For both freeze-drying and CLTVD tests, the addition of protectants could effectively increase the storage stability of dehydrated L. acidophilus. Among the various experimental combinations, the best storage effect was accomplished by freeze-drying with protectants, and this sample was also most susceptible to the change in storage temperature. It was concluded that accelerated storage testing is a rapid and simple technique with certain correctness and predictability in this study. 
